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Determination of effective axion masses in the
helium-3 buffer of CAST

J. Ruz, on behalf of the CAST Collaboration

Abstract—The CERN Axion Solar Telescope (CAST) is a

ground based experiment located in Geneva (Switzerland) search- | 380 =
ing for axions coming from the Sun. Axions, hypothetical particles =1 70
that not only could solve the strong CP problem but also be one

of the favoured candidates for dark matter, can be produced 60

in the core of the Sun via the Primakoff effect. They can be
reconverted into X-ray photons on Earth in the presence of strag

electromagnetic fields. In order to look for axions, CAST points 4
a decommissioned LHC prototype dipole magnet with different
X-ray detectors installed in both ends of the magnet towards the
Sun. The analysis of the data acquired during the first phase of 2
the experiment yielded the most restrictive experimental upper
limit on the axion-to-photon coupling constant for axion masses
up to about 0.02eV /c?. During the second phase, CAST extends
its mass sensitivity by tuning the electron density present in the
magnetic field region. Injecting precise amounts of helium gas
has enabled CAST to look for axion masses up to 1.2V/c”. Fig. 1. Differential axion flux at the Earth’s surface due tdoa Primakoff
This paper studies the determination of the effective axion masse production in the solar core.

scanned at CAST during its second phase. The use of a helium gas

buffer at temperatures of 1.8K has required a detailed knowledge

of the gas density distribution. Complete sets of computational

fluid dynamic simulations validated with experimental data have

been crucial to obtain accurate results.
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Il. THE CASTEXPERIMENT

I. THEORETICAL MOTIVATION AND EXPERIMENTAL AXION The most sensitive existing helioscope is the CERN
SEARCHES Axion Solar Telescope (CAST), which employs a prototype
Quantum Chromodynamics (QCD) is expected to violatuperconducting LHC dipole magnet providing a magnetic
CP-Symmetry, but up to now no experiment has been alfield of up to 9T (see Fig. 2). CAST is able to follow the
to observe this effect. A possible solution to the strongun twice a day during sunset and sunrise for a total of about
CP-problem was suggested by R.Peccei and H.Quinn Hj. At both ends of thelOm long magnet, X-ray detectors
in 1977.They explained the apparent conservation of CP ({i8], [9], [10]) have been mounted to search for photons from
strong interactions by introducing an additional symmetrPrimakoff conversion.
When this new global symmetry is spontaneusly broken at ainstalled on one end of the magnet, two novel MICROMEsh
yet unknown breaking scalg,, it gives rise to a Goldstone GAseous Structure (MICROMEGAS) detectors search for
boson as was pointed out independently by S.Weinberg aihe signature of axions during sunset. On the other side of
F.Wilczek [2], [3] in 1978. This neutral pseudo-scalar ighe dipole, an additional Micromegas detector and the X-ray
commonly referred to as the axion. telescope with a Charge-Coupled Device (CCD) as a focal
If axions exist, they could have been created in thelane detector are mounted.In light grey the cryogenicd fee
very early universe. Nowadays however, they could still isox (left) and return box (right) capable of keeping the
produced in cores of stars like our Sun. Several constraimigagnet atl.8 K to assure the superconductivity condition to
from astrophysics and cosmology have been applieschieve thed T magnetic field intensity. In each one of the
narrowing the mass range, in which the axions are still yikekxtremes of the experiment there exist two ports (blue) aher
to exist, to a window reaching fromeV up to somemeV. the different X-ray detectors are mounted.
Experiments have attempted to detect axions in and close t€ AST began operation in 2003 and achieved an upper
the remaining mass regions. Most of them make use of theit of g,, < 0.88 x 107°GeV~! at 95% CL for
Primakoff [4] effect, which allows for a conversion of ax®n m, < 0.02eV/c? ([12], [13]) after two years of data
into photons in the presence of strong electromagneticstielgaking with vacuum inside the magnet bores. To extend
Helioscopes [5], [6] are making use of this effect by lookinghe experimental sensitivity to larger masses CAST fills the
for axions produced in the solar core (see Fig. 1). conversion region during its second phase with a suitable
buffer gas, providing the photons with an effective mass
3. Ruz is with the Physical and Life Sciences Department, eace "'y [6]. The axion-photon momentum difference becomes
Livermore National Laboratory, CA, USA, emal: ruzarmendarith@ov q = |m2 —m2|/2E and the axion mass band for which the
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Fig. 2.

Schematic view of the CAST experiment.In red the LHGoipmagnet mounted on top of the green girder attached to adbte (purple) so that

the experiment can be following the Sun in the horizontal @lafhe magnet is able to move in azimuth by means of a gear systdm yetlow charriot.

Primakoff based helioscope is sensitive can be extracted fr The most important upgrade was the design and installation

the coherence condition
2 2

(75) << () +2 (27)

so that, form, values in the neighborhood of the chosen,
the maximum sensitivity is restored (see Fig. 3).
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of a sophisticated helium-3 system.

A. The helium-3 system of CAST

As shown above, capability to precise injection of gas is
crucial to the successful operation of the experiment. Adse

During 2005 and 2006 CAST filled its magnetic field® the Nigh value of helium-3 gas, the system was designed
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Fig. 3. Example of the coherence condition recovery at twaifipeaxion
masses. Each one of the blue dashed gaussians represemnebtedxphotons
at CAST (relative to the strength of the axion-to-photonplimg) for a single
mass seting. The red line is the overall flux of photons expefitam the
contribution of both settings

as a hermetically closed gas circuit assuring full recowry
helium (see Fig. 4). The setup can be divided in five functiona
sections with specific purposes:

1 Storage

2 Trap Purge System

3 Metering and Ramping of Gas

4 Expansion Volume

5 Recovery and circulation
All the necessary helium for CAST physics runs is transférre
to the storage volume, dimensioned to keep its gas pressure
below atmospheric. Before entering the metering volumes th
gas passes through two charcoal traps to remove any impurity
To scan over a wide range of axion masses CAST needs to
control the helium gas density in the cold bore precisely.

This is achieved by filling the cold bore with exactly me-
tered amounts of gas in incremental steps.The precisiomeof t
metering process is obtained by the accurate temperatare co
trol of the metering volumes, and by use of a metrology-giade
pressure-measuring instrument to determine the amouraf g
introduced into the cold bore. The measurement of the amount
of gas transferred to the cold bore is calculated by acdyrate
measuring the pressure decrease on the metering voluntes tha
are maintained at a constant temperaturgddf15 K by means

region with helium-4 and set an upper limit on the axionef a thermostatic bath with-0.01 K temperature stability.

to-photon coupling ofg,, < 2.2 x 1071°GeV~! at 95%

A single full-scale (FS) pressure measurement in the meter-

CL for m, < 0.39eV/c? [14]. After completing the data ing volume can be made with an accuracy4@fppm, taking
taking with helium-4 as buffer gas, the CAST experiment wasto account the precision of the MKS Baratron gauge, and the
upgraded in order to prepare for data taking with helium-8rift of its zero and span under ambient temperature vanati



Cold window

Fig. 4. View of the vacuum and Helium system scheme of the CA§E®ment. The cryostat of CAST offers four ports (VT1-VT4y the installation of
the X-ray detectors. The X-ray windows are placed such tte@hle to keep the Helium gas (red) within the magnet regiothefcryostat (orange). Note
that between the windows and the ports t which the detecters@nected there is vacuum (yellow).

open only during a quenélwhen evacuating the cold bore.

In case of a quench, the temperature of the cryostat ingease
rapidly. If the cold volume remains closed, the gas pressure
will rise proportionally. This puts the integrity of the >ay
windows in danger, and requires that the gas is sufficiently
fast evacuated to keep the pressure below the safe operat-
ing pressure of the windowsl.6 bar). A cryogenic check
valve opens when the differential pressure reacltesibar,
whereas the cryogenic valve will open when triggered by the
guench protection system. During the quench, the gas ifysafe
evacuated from the cold bore to an expansion volume via
two electro-pneumatic valves. The expansion volume ihjtia
under vacuum thus acts as a buffer volume for the gas coming
out of the cold bore during a quench. Two electro-pneumatic
valves, opened by quench-trigger signal activation, ardyds
is led to an expansion volume. The pressure reached in case
of quench should not excedd2 bar to have safety margin.

The helium system of CAST is integrated in two indepen-
Fig. 5. View of one of the four X-ray windows before its ingadion inside dent computers. The PLC (Programmable Logic Controller)
the cold bore of CAST. computer runs the PVSS Unicos software which commands all

the valves and pumps of the helium system, while the Labview
computer calculates the density settings and monitors all
temperatures and pressure variations. Any valve manipualat

is done via the PLC computer. Several custom made routines
in the PLC allow to set the desired gas density in the cold bore

The transfer of gas to the cold bore is performed using 0:‘51 CAST or, if necessary, the recovery of the gas in case of a

cryogenic valve. The temperature of the gas along the Cquench. Those routines include the appropiate progranfing o

bore tubes should be kept stable during run conditions. TK%IVE and pump sequences as well as safety interlocks.

gas is confined to the cold bore region of the magnet by thin
X-ray windows composed of a thin layer of polypropylene
glued on top of a stainless steel grid (see Fig. 5). Heaters om, quench is an interesting phenomenom related to the suddetyeHtrom
the window flanges were installed to make periodical bak&uper’ to “normal” conductive state of certain magnet coilstenals. The
out of gases adsorbed on the window foils. The USGEBQim presence of minimal impurities in super conductive materialshimiggnerate
. instant electric resistivities. That provokes a violentmng of localized coil
polypropylene allows for &5 % transmisson at.2keV. regions due to the Joule effect. CAST’s coils u8&A current to achiev® T
To avoid thermoacoustic oscillations, the warm pipes figki magnet field intensity and uses super fluid helium-4 to refagethe magnet
to room temperature volumes are isolated during nornrgls of the dipole. When a quench happens at CAST, the heairged is
. . . Issipated by the liquid helium that instantly gasifies. tder to preserve the
operation by means of cryogenic valves, i.e. a check valde E%F}tegrity of the system, the gas is released from the cryesaming up the
a shut-off valve, which are closed during normal operatéom magnet bores.




[1l. EFFECTIVE PHOTON MASSES ATCAST can compress or interact with each other, but also their non-
The electron densityn.) of the gas filling the cold bore sphe_rice_ll nature. _Its_ use can _be extended in thermoo!ynamic
drives the physics of the axion-photon conversion at cAs3Pplications and it is best suited to accurately descrilee th

The effective mass of the backconverted photon can Bgtual conditions at CAST (see Fig. 7).
obtained as:

2

47Tnee— = 47mn,r, (2)
Me

2 2
mv—wp—

400—

wherew, is the plasma frequency and the electron radius.
Helium-3 and helium-4 are equivalent regarding the effecti = ,
photon mass, since they have the same number of electra
per molecule even though they have different nuclear mas: L
and therefore densities. o

CAST data taking procedure requires step ramping ov -
different densities of gas filling the cold bore in order tc 50
allow the search of different axion masses. r
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E The probability for Primakoff conversion of axions depends
1'6§ on the density of electrons present in the system as well
L4 as paramenters such as the intensity of the magnetic field,
1.2 and the length of the path that axions travel thtough the aedi

1=

E BLga'y 2 1 L I'L/2
0.8— P = ( ) (1+e* —2e /2 cos L)

: a7y 2 ) @+r24 1

o b b b b b e by L (3)
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where B, is the intensity of the magnetic field perpendicular

Fig. 6. Comparisson between the densities achieved in theercehthe  to direction of the incident axiongm the axion-to-photon
f&fgﬁ%fg&ﬁﬂ ;?;tgsg'ven pressure for a real gas (red) baddeal as . \hjing strength ¢ is the axion-photon momentum tranfer,
L the length of the magnetic field arid the gas absorption
coefficient [6].
Achieving the desired density is a demanding task thatAs can be seen from the performed simulations, the region
requires computational fluid dynamic simulations of theith constant density depends on the convection currents of
actual system including different physical phenomena sughs between the X-ray windows and the inner regions of the
as the hydrostatic effect, convection and buoyancy. cold bore (see Fig. 8). This effect translates to an effectiv
A close look to the results shows that the density achievaetagnetic length in which the axions may convert back into
in the center of the cold bore is proportional to the pressifire photons. Assuming a density homogeneity better than a
helium-3 in the system (see Fig. 6). Under extreme conditionugr/cm? in the inner region of the cold bore we can express
such as high pressures or extremely low temperatures, same effective magnetic length as function of the pressure of
gases show deviations from the ideal gas law. In particuléihe 3-helium gas present in the magnet bores of CAST. It is
at extremely low temperatures, gas molecules are moviolgar that the ratios will strongly depend on the experimknt
relatively slower than at higher temperatures. So slowaat,f setup.
that they no longer travel past each other rapidly enough to
not experience the attraction or repulsion that might exigilthough the superfluid helium that cools down the CAST
At low temperatures, intermolecular forces between gasagnet assures stable temperatures in the inner regiohsg of t
molecules are no longer negligible. cold bore, there are several factors causing variationgh Bo
There are several equations of state capable of describthg temperature of the X-ray windows and the density of the
such phenomena. Among them, the Peng-Robison [7] equatgas present in the system influence the convection currents.
of state describes not only the fact that the molecules of gélsese effects change the effective length of the magnetic
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X-Coordinate [m] during a tracking. In dashed blue, gaussians for an ideapsiet which the
density in the cold bore is kept constant for all the trackifige contribution

Fig. 8. Simulated density profile along the cold bore of CAST different  of both gaussians to the final flux adds to the solid red linethick green,
pressures in the system. The X-ray windows are placed at libtnges of the the effective axion masses scanned during a real trackingA&TCA smear
cold bore distant- 10 m from each other. In the figure, the magnetic regiorover a wider axion mass region is the result from the hydriostdfect of the
limits at coordinates-0.496 m and —9.731 m. Profiles obtained using the magnet tilting while tracking.
Peng-Robinson state equation for different pressures lafrhe3 in the cold
bore. In the figure you can observe in different colors thédileobtained for
35.85 mbar (red dashed lowermost line), and rising in density,64 mbar
(orange dashed line}7.45 mbar (purple dashed line)83.34 mbar (blue ; ;
dashed line)97.02 mbar (green dashed line) arnd)6.7 mbar (black dashed ,SyStem’ but also on the polar angle at which the experiment
uppermost line) . is placed:

my (0, P) = Bv/p(0) = Bv/[1 + a(0)] x pcrp,  (6)

field. Heating the X-ray windows, for instance, while a fixed

amount of gas is present in the cold bore will increase thé finahereg is a constant for the helium-3 gas.

pressure of the system. It will also increase the convectionThe number of expected photons arising from the Primakoff

currents between the X-ray windows and the helium gas. Aonversion inside the magnet of CAST, can be accurately

increase of the temperature of the X-ray windows will trates| calculated by taking into account the fact that the density

as a shortening of the effective magnet length.Keeping tpeofile is homogeneous for a given effective length. Using

X-ray windows atl5K (i.e. no extra heating applied to thethe total exposure to the Sun together with all the other

X-ray windows), shows a linear dependence of the effectiexperimental parameters, such as an instant pressure in the

length of the magnet with the pressure achieved in the systernldbore at different inclinations, the amount of gas pnése
in the system at any moment and boundary conditions such

Legflm] = 8.611 — 0.021 - Pay sk (4) as temperatures along the cold bore and confining X-ray

windows, expectations can be calculated (see Fig.10).

Tilting a 10m magnet full of helium-3 while tracking the
Sun has also some consequences to the effecive photon mass

tuned in the cold bore of the experiment. Gravitational ésrc IV. LATEST RESULTS OFCAST
are capable of generating a gradient of densities in the ga:

. Bince 2008, CAST has been searching for axions with
column of the magnet region.

relatively higher masses. Up to now, the experiment has
: -already looked for axions with masses up td8eV/c?
Such an effect can be corrected by applying an eﬁectlg e Fig. 10) completing its helium-3 physics program. In

density to the whole gas column, since the movement ; .
. . . e exclusion plot (see Fig. 11) we present our most recent
the system is symmetric with respect to the polar angle

. : rgsults for axion masses up t@65eV/c? stablishing an
CAST monltors thg pressure of the system continuously. l'JEpper limit of gu, < 2.3 x 10-1°GeV—" at 95% C.L [15].
correction of the kind

The data analysis for higher masses is ongoing and the goal

of 1.18 eV /c? will be reached in future publications.
p(6) = [1+ a(®)] % pern, ©) /

can be applied, whera(6) is a factor that accounts for the

equivalent density in the center of the cold bore relative V. CONCLUSIONS AND OUTLOOK

to the density at# = 0deg. This translates to an effective The final results for the vacuum and helium-4 data are
photon mass that now depends not only on the pressure of thigplayed in Fig.11 together with the first results for the
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Fig. 11. CAST exclusion plot of the axion-to-photon cougliconstant at

95% CL for all data collected in Phase | and Phase Il [15]. The aehtev
limit of CAST is compared witht he Horizontal Branch (HB) stamit [11].
The yellow band represents the theoretical QCD axion modelstize green
solid line corresponds to the KSVZ model wilyN = 0. In black the results
obtained during the first phase of CAST [12],[13] togethethwthe results
from the helium-4 data taking period [14]. In red the novel tsncoming
from the analysis of one year run with helium-3 during 2008[15

helium-3 run, during which axion masses ugt?eV /c? were
being studied. Currently, CAST is extending its axion skarc
even further into the unexplored regions of the favored raxio
models. The analysis of these data is ongoing and latedtsesu
are presented in this contribution. These results include a
the status of the current gas simulations used to deterrhne t
gas density along the magnetic field region which is a clitica
factor in obtaining accurate results.
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